I. INTRODUCTION
H IGH-field magnetic resonance imaging (MRI) systems (7.0 T and above) are increasingly finding applications for both anatomical and functional MRI of human brain. However, one of the remaining problems slowing the widespread application of high-field MRI is the control of the transverse radio-frequency (RF) magnetic field, which becomes difficult with the shorter RF wavelengths at high fields [1] .
General MRI applications require uniform , which helps to minimize contrast and sensitivity variations over the object. Traditional quadrature-driven volume coils used for excitation provide limited uniformity of the profile [2] , which is often not better than about % for proton MRI of human head at 7 T (Larmor frequency MHz) [1] . Therefore, the ability to homogenize transmit profile is important for full realization of the potential of high-field MRI. Recently, several methods have been proposed in RF coil design to homogenize profiles, which include inserting high-permittivity materials (or passive RF shimming) [3] , inverse coils [4] , [5] , active RF shimming [6] - [8] , and transmit SENSE [9] , [10] .
It is well known that surface coils coupled to a volume transmit coil can perturb the profile of the latter. Normally, surface coils are completely decoupled during transmission. However, when the field generated by a traditional volume coil becomes distorted at high field, such perturbations may become valuable to manipulate the profile. Local correction using one or two coupled surface coils has been demonstrated in [11] - [14] . In this paper, we investigate the feasibility of improving homogeneity by coupling an array of surface coils to a volume coil. This is different from coupling a single surface coil to a volume coil. Since all surface coils are also mutually coupled through the volume coil, their interaction must be considered as well in global homogenization. Preliminary results of this work have been reported in [13] and [14] .
II. METHODOLOGY

A. Multilayer Coupled Transmit Coil
In this study, the outer-layer is a 25.4 cm (10 in) long 16 rung shielded birdcage coil with a 4-port quadrature excitation. Two types of birdcage coil were considered. The first one has an elliptical cross section with a major axis of 30 cm (12 in) and a minor axis of 22.86 cm (9 in). The second one has a circular cross section with a diameter of 30 cm (12 in). The RF shield is 2.54 cm (1 in) away and conformal to each birdcage coil, respectively.
The inner layer consists of an eight-element overlapped surface coil array (Fig. 1) . The dimension of each inner-layer element is roughly 6 cm (longitudinal) by 9 cm (azimuthal). The overlaps between neighboring loops were adjusted to minimize inductive decoupling. Although the inner-layer elements may couple through the birdcage coil, it was found that this effect depends upon the geometry of the outer-layer coil. With elliptical birdcage coil, this was an insignificant effect.
In addition, capacitive coupling must also be considered. If two overlapping coils are too close (in the radial direction), parasitic capacitance develops between coil conductors that face each other. Thus, the overlapping region behaves like another 0278-0062/$25.00 © 2009 IEEE resonant loop and its field dominates in the peripheral region. After trials, each surface coil was set to be 3 mm wide and radially separated from its nearest neighbors by 6 mm.
The outer-layer coil is the only actively driven unit to generate a primary field. The inner-layer array passively couples to the outer-layer and produces a modulating field. Control of the intralayer coupling is achieved by tuning the inner-layer elements away from the Larmor frequency appropriately.
The inner-layer array described above covers a 4-cm-thick region of interest (ROI) beneath the elements, which is roughly 5-8 cm from the top of the human head in the S-I direction. We note that in typical high-field brain imaging, this ROI is of general interest and also seriously affected by inhomogeneity. The field in regions above this ROI is typically more homogeneous (peak-to-peak ratio better than 75%). If modulation is desired in other regions, the same methodology can be applied.
B. Modulation by Surface Coils
Considering a circular loop coil with radius and surface normal pointing to direction in a linearly polarized uniform time-varying magnetic field , the electromotive force (EMF) generated by is given by Faraday's law as (1) where . Each surface coil can be modeled by a serial circuit with input impedance at the Lamor frequency (2) where is associated with losses, is the coil inductance, is the Larmor frequency, and is the actual detuning frequency of a coil element given by . Now let and assume is relatively small compared to . The impedance obtained after keeping the lowest order terms of the Taylor expansion of (2) with respect to is
The loss term is typically small, and the current induced on the loop coil can be approximated by (4) Using the expression for the magnetic field generated by a circular loop [15] , the modulation field produced by the induced current at distance away from the coil center in the direction of is given by [15] (5) where denotes the normalized distance from the coil center. For wires of radius , the inductance is approximately (6) Substituting (6) into (5), we obtain (7) Since only half of the linearly polarized magnetic field contributes to the circularly polarized magnetic field , the actual modulation to along the axis of the loop is only half of that given in (7) . Thus the total field at distance from the coil center is (8) where is the original circularly polarized magnetic field before any modulation . Considering the loop coils in our study, the desired detuning frequency should be about 5% above the Larmor frequency in order to make the minimum field (at distance from coil surface), which is about 50% of the maximum , equal to the maximum . We notice from (8) that field cancellation can occur if a surface coil is tuned below the Larmor frequency, i.e., . Furthermore, (8) estimates the worst scenario where the original field needs to be doubled. In general, peripheral field can be higher and less compensation may be required. Thus, (8) provides a lower bound for the detuning frequency. The actual magnetic field distribution is more complicated than assumed. Since the profile of a surface coil depends on its relative position to a phantom, the optimal detuning frequency is expected to be phantom-dependent. To this end, we applied full-wave simulations for more accurate results.
III. NUMERICAL RESULTS
A method of moments (MoM) program based on the PM-CHWT (Poggio, Miller, Chang, Harrington, Wu, Tsai) formulation was developed and applied [16] , [17] . The human head phantom (Fig. 1 ) has relative permittivity of and conductivity of S/m. The conductivity corresponds to 55-mM NaCl solution. The permittivity is derived in such a way that the electrical size of the cross section of the human head model (in terms of wavelength) is similar to that of the white matter region ( at 298 MHz). Two parameters were evaluated on four axial slices in the ROI. The first is the peak-to-peak ratio of intensity. The second is the ratio of the standard deviation of to the average , or the inhomogeneity coefficient.
The loaded elliptical and circular birdcage coils were numerically tuned to 298 MHz by 32 5.86 pF capacitors. The frequency response of the unloaded birdcage coil (tuned with a difference capacitance) is shown in Fig. 2 . Also shown in Fig. 2 is the frequency response of the loaded birdcage coil with and without the inner surface elements. With the inner elements, the loaded birdcage coil is slightly detuned and the Q factor drops. Both can be explained by the fact that the intralayer coupling effectively brings the birdcage coil closer to the human head.
It was found that four-port quadrature driving is sufficient and necessary. No obvious improvement was observed by driving more than four ports and much deteriorated results were observed by driving only two ports. Fig. 3 compares the profiles of the elliptical and the circular birdcage coils. The simulation result of the circular birdcage coil corresponds to our previous 7 T experimental results [18] . It can be seen that the elliptical birdcage coil has a different symmetric pattern than the circular birdcage coil, and its homogeneity is slightly better. However, the main reason for choosing the elliptical coil is its more efficient coupling to the inner-layer array.
We started from improving the homogeneity in the nearest neighborhood of each inner-layer element individually by adjusting the detuning frequency from 310 to 340 MHz. The tuning capacitance of the birdcage coil remains the same in all simulations. The detuning frequency of each element that yields an average (on four axial slices) minimum-to-center ratio of 0.8 (in its nearest neighborhood) was chosen. If the average minimum-to-center ratio is above 0.8 when a coil was detuned to 340 MHz, 340 MHz was chosen.
After each individual optimization, all inner-layer elements were simulated simultaneously inside the birdcage coil to achieve the maximum global minimum-to-center ratio. In this procedure, the detuning frequency of one element was adjusted, while all the others were fixed. Thus, one cycle of global optimization consisted of eight individual adjustments. This procedure was continued until no more improvement could be achieved. It was found that global optimization is mandatory for the elliptical birdcage coil, while four cycles of computation were required for the circular birdcage coil. Each surface coil could be optimized individually to achieve global optimization with the elliptical birdcage coil. The detuning frequencies are listed in Table I .
The profiles of the elliptical birdcage coil on two axial slices, which are 5 and 8 cm from the top of the head, are shown in Fig. 4(a) and (c), respectively. The peak-to-peak ratios, as listed in Table II , range from 0.53 to 0.74. The homogenized profiles on corresponding slices are shown in Fig. 4(b) and (d) , respectively, where homogeneity improvements can be clearly identified. The decrease of inhomogeneity coefficients (as listed in Table III) , ranges from 30% on the top slice to 38% on the bottom slice. While the average improvement was about onethird, the peak-to-peak ratio increases the most on the bottom slice, which was about 20%. 5 compares the electrical field distributions of an isolated birdcage coil with those of the coupled transmit coil. The electrical field becomes more concentrated in the immediate neighborhood of the inner-layer coil array and the specific absorption rate (SAR) is expected to increase in those regions. However, the peak SAR of the head can be a different issue. For instance, Fig. 5(c) and (d) shows that the peak SAR of the head occurs around the eyes. Since the eyes are away from the inner-layer array, the electric field actually decreases at this location and the peak SAR is reduced by about 15%. Indeed, the SAR is patient-dependent and it should be better estimated by using a detailed head model. This is one of our ongoing research topics.
IV. CONCLUSION
We investigated a homogenization approach in high-field MRI by coupling an inner-layer surface coil array to an outerlayer volume transmit coil. Theoretical analysis shows that field compensation occurs when an inner-layer element is appropriately tuned above the Larmor frequency. From numerical simulations of an eight-element surface coil array, it was estimated that on average, the homogeneity can be improved by about one-third for 7 T brain imaging. Compared to other homogenization methods, this approach has the distinct advantage that it can be implemented without the need for independent RF channels, thereby reducing MRI system complexity. Furthermore, it can be readily adapted to existing coil systems by detuning surface coils rather than decoupling them, during the transmit phase.
